Abstract. To improve the cryopreservation protocol for mouse sperm, we attempted to estimate the type and extent of cryoinjury at various steps of the process. First, we demonstrated that mouse sperm are sensitive to chilling at -15 C and that the sensitivity is dependent on the length of exposure. To estimate cryoinjuries, sperm suspensions were iceseeded at -5 or -15 C, frozen with liquid nitrogen (LN2) gas and then frozen in LN2. In one experiment, sperm seeded at -5 C were cooled slowly to -15 C before deep freezing. At various steps of the cryopreservation process, the sperm were warmed and their viability was assessed based on motility and the integrities of the plasma membrane and acrosome. The motility of frozen-thawed sperm was higher on seeding at -5 C (28%) than at -15 C (9%). The motility did not decrease when the sample was transferred from LN2 gas to LN2. To estimate cryoinjury of sperm, we presumed the viability of frozen sperm to be decreased by chilling, hypertonic stress and formation of intracellular ice. When the sperm suspension was cooled and seeded at -5 C, the motility decreased by 25% due to hypertonic stress. When the sperm were cooled in LN2 gas, the motility decreased by 17% with the formation of intracellular ice. When the sperm were cooled to -15 C, the motility decreased by 51% from chilling. After seeding, the motility decreased by 18% due to formation of intracellular ice and by 7% due to hypertonic stress. Considering the results, it would be preferable to seed samples at a higher temperature to prevent intracellular ice from forming and to cool seeded samples rapidly enough to minimize chilling injury and hypertonic stress, but not too rapidly to allow intracellular ice to form. Key words: Chilling, Hypertonic stress, Intracellular ice, Mouse, Sperm (J. Reprod. Dev. 54: [265][266][267][268][269] 2008) ryopreservation of spermatozoa is an effective technique for preservation of male genomes. In the mouse, the technique has been applied especially to preserve genetically engineered variants [1] . Since achievement of deep freezing of mouse sperm by several methods [2] [3] [4] , various studies have been conducted on it. However, the survival of frozen-thawed sperm is highly variable even when the same protocol is used [5, 6] . To apply the technique widely and routinely, therefore, it is necessary to improve the freeze-thawing method. In general, cells can be damaged in various ways during the process of cryopreservation [7] . In order to improve cryopreservation protocols for mouse sperm, it is important to know the type and extent of injuries to the sperm at various steps of the cryopreservation process.
(J. Reprod. Dev. 54: [265] [266] [267] [268] [269] 2008) ryopreservation of spermatozoa is an effective technique for preservation of male genomes. In the mouse, the technique has been applied especially to preserve genetically engineered variants [1] . Since achievement of deep freezing of mouse sperm by several methods [2] [3] [4] , various studies have been conducted on it. However, the survival of frozen-thawed sperm is highly variable even when the same protocol is used [5, 6] . To apply the technique widely and routinely, therefore, it is necessary to improve the freeze-thawing method. In general, cells can be damaged in various ways during the process of cryopreservation [7] . In order to improve cryopreservation protocols for mouse sperm, it is important to know the type and extent of injuries to the sperm at various steps of the cryopreservation process.
For mouse embryos, Kasai et al. (2002) [7] observed six types of cryoinjury, i.e., chemical toxicity of the permeating cryoprotectant, hypotonic stress, physical pressure from extracellular ice, hypertonic stress, the formation of intracellular ice and fracture damage.
For mouse sperm, it is not necessary to consider the injury caused by the toxicity of the permeating cryoprotectant because mouse sperm are usually frozen without such an agent. Therefore, mouse sperm would not suffer from the hypotonic stress that arises during removal of the permeated cryoprotectant. Injury from physical pressure by extracellular ice [8] is less likely because mouse sperm are much smaller than mouse embryos.
Mouse sperm can be injured by fracture damage. However, the proportion of such injured cells is relatively small, and this type of injury could be minimized because the mechanism of damage would be the same as that clarified in embryos [9] . Injury from hypertonic stress would apply to mouse sperm, which are reported to be highly sensitive to such stress [10, 11] . During freezing, cells are exposed to a hypertonic solution because formation of extracellular ice concentrates the extracellular solution. For freezing mouse sperm, a non-permeating smaller sugar, such as raffinose, is used as the principal cryoprotectant [2] [3] [4] [12] [13] [14] [15] [16] . As the temperature decreases, extracellular ice grows in the freezing solution, which promotes further concentration of the sugar. Damage from formation of intracellular ice would also be applicable to mouse sperm. For successful cryopreservation of cells, it is essential to prevent intracellular ice from forming because it physically destroys the cell structure. When cells are cooled far more rapidly than intracellular water diffuses out, intracellular ice is likely to form in the cytoplasm [17] . In addition to the six types of cryoinjury listed above, cells can be damaged by chilling [18, 19] . Mazur and Koshimoto (2002) reported that mouse sperm cooled at 0 C show a small loss in motility [20] , and Songsasen and Leibo (1997) reported that the plasma membrane of mouse sperm was damaged after 30 min at -4 C [14] .
Therefore, we considered chilling, hypertonic stress and intracellular ice to be major causes of cryoinjury that would decrease the viability of mouse sperm during cryopreservation. As a model to estimate the type and extent of cryoinjury, we froze mouse sperm after ice-seeding at a higher or lower temperature (-5 and -15 C) and assessed the viability of the sperm based on motility, integrity of the plasma membrane and integrity of the acrosome. Such an analysis should help to improve the cryopreservation protocol.
Materials and Methods

Preparation of sperm suspension
Male ICR mice (4-9 months old) were purchased from CLEA Japan (Tokyo, Japan) for use in the present study. A mouse was euthanized by cervical dislocation, and sperm were released by mincing the cauda epididymides in collection solution (2-6 ml) in a 35-mm culture dish. The collection solution was R18 solution, which was composed of 18% raffinose pentahydrate dissolved in distilled water (0.36 Osm/kg) [21] . The osmolality of the solution was measured with a vapor pressure osmometer (Vapro 5520; Wescor, Logan, UT, USA).
Unless otherwise noted, all chemicals were purchased from Wako Pure Chemical (Osaka, Japan). All experiments were approved by the Animal Care and Use Committee of Kochi University.
Chilling of sperm
To examine whether mouse sperm are injured by chilling, 0.25 ml plastic straws (IMV, L' Aigle, France) were loaded successively with air (approximately 15 mm), a sperm suspension prepared in R18 solution (approximately 80 mm) and air (approximately 15 mm) by aspirating the straw with a 1 ml syringe connected to it. The straws were heat-sealed at both ends, cooled to 0 C by being immersed in ice water and kept there for 10 min. They were then cooled at -1 C/min to -5, -10 or -15 C with a programmable freezer (PRF-040; Iwaki, Tokyo, Japan). Most straws were warmed immediately, but some straws cooled to -15 C were warmed after being kept at that temperature for 30 min. Straws were warmed rapidly by being immersed in water at 35 C. The sperm suspension was recovered, and the viability of the sperm was examined as described below.
Freeze-thawing of sperm
Sperm suspended in R18 solution at 25 C were loaded in a 0.25 ml straw as described above. Straw samples were immersed in ice water, kept there for 10-60 min and cooled to -5 or -15 C at -1 C/ min with a programmable freezer. The samples were then iceseeded by touching the outside of the straw where the end of the sperm suspension was placed with forceps precooled in liquid nitrogen (LN2) at the seeding temperature and kept at that temperature for 6 min. In one experiment, some of the samples seeded at -5 C were cooled at -1 C/min to -15 C.
Straws were then placed horizontally on a Styrofoam boat (the thickness being 15 mm) floated on the surface of LN2 in a Dewar flask (inner diameter of 140 mm, and the temperature on the boat being approximately -150 C) for at least 10 min before finally being immersed in LN2. At each step of cryopreservation, the sample was warmed by being immersed in water at 35 C for 1-2 min, and the viability of the sperm was examined as described below.
Assessment of the viability of sperm based on motility and the integrity of the plasma membrane and acrosome
For examining the motility of sperm, three drops (100 μl) of PB1 medium (0.3 Osm/kg) [22] were prepared in a culture dish under paraffin oil and were prewarmed on the stage warmer at 35 C. The sperm suspension was recovered on the lid of a culture dish, and a small portion (1-2 μl) was introduced into a drop of the prewarmed PB1 medium. The diluted sperm suspension was mixed gently by pipetting. After 15 min, a portion of the sperm suspension was introduced onto a hemocytometer warmed at 35 C on the stage of a microscope. The numbers of motile sperm and immotile sperm were counted under a microscope to determine the proportion of motile sperm (motility). For each sample, counting was replicated three times, and 80-120 sperm were counted in each replicate. The integrity of the plasma membrane and acrosome of sperm was assessed by a modified version of the method of Walters et al. (2005) [11] . Propidium iodide (PI) and alexa fluor-488-conjugated peanut agglutinin (PNA; Molecular Probes, Eugene, OR, USA) were used for examining the plasma membrane and acrosome, respectively. Three drops of Dulbecco's phosphate-buffered saline containing 3 mg/ml bovine serum albumin (PBS+BSA; 0.3 Osm/ kg; 100 μl) were prepared in a culture dish under paraffin oil for examining the integrity of the plasma membrane and acrosome of sperm. Sperm were incubated in PBS+BSA containing either 4 μM PI or 12 μg/ml PNA under paraffin oil in a CO2 incubator at 37 C for 30-50 min and were then observed under a fluorescence microscope (IX71 with U-LH100HGAPO; Olympus, Tokyo, Japan). The PI emission was collected with a 575 IF nm filter (U-MWIG3), and the alexa fluor-488 emission was collected with a 510-530 nm filter (U-MNIBA3). Sperm that were not stained by PI and PNA were considered to have an intact plasma membrane and an intact acrosome, respectively, while sperm that were stained in the nucleus and acrosome were considered to have a damaged plasma membrane and a damaged acrosome, respectively. In each sample, counting was replicated three times, and 80-120 sperm were counted in each replicate.
Statistical analysis
All data were expressed as means ± standard deviation. Statistical analysis was carried by one-way ANOVA, followed by Tukey honestly significant test using SPSS (Version 15.0; SPSS, Chicago, IL, USA). A P-value <0.01 was considered significant.
Results
The viability of mouse sperm after chilling at different temperatures
As shown in Fig. 1 , chilling at 0, -5 and -10 C without extracellular ice did not affect the viability of sperm. After chilling at -15 C, however, motility and the plasma membrane were affected considerably without extracellular ice, although the acrosome was unaffected. When sperm were chilled at -15 C for a longer period of time (30 min), their motility decreased greatly, but the integrity of neither the plasma membrane nor acrosome was affected.
The viability of frozen-thawed mouse sperm after ice-seeding at -5 and -15 C Fig. 2 shows the viability of frozen-thawed sperm, as assessed based on motility, after seeding at -5 or -15 C. When seeded samples were cooled with LN2 gas, the motility decreased significantly at either temperature. However, the normalized proportion of sperm with motility was higher on seeding at -5 C (28%) than at -15 C (9%). When samples cooled with LN2 gas were immersed in LN2, the motility of the sperm did not decrease further regardless of the seeding temperature.
When the sperm suspension was cooled and seeded at -5 C and kept there for 6 min (Fig. 3A-III) , the proportion of motile sperm and the proportion of sperm with an intact plasma membrane decreased significantly, whereas the proportion of sperm with an intact acrosome decreased only slightly (P>0.01). When seeded samples were cooled with LN2 gas, the viability of the sperm decreased slightly in all aspects, especially for motility and the integrity of the plasma membrane (Fig. 3A-IV) . Sperm were suspended in an 18% raffinose solution, loaded in a straw, immersed in ice water for 10 min and then cooled to -5, -10 or -15 C at -1 C/min in the absence of extracellular ice. Immediately or after being kept for 30 min (*), the sample was warmed in water at 35 C, and the viability of the sperm was examined. The viability was normalized to that of fresh sperm at 25 C. Values are given as means ± SD. Bars with different superscripts differ significantly within each assessment criterion (P<0.01).
Fig. 2.
The effect of ice-seeding temperature on the motility of frozenthawed mouse sperm. Sperm were suspended in an 18% raffinose solution, loaded into a straw and immersed in ice water for 10-60 min (0 C). The sample was then cooled to -5 or -15 at -1 C /min, seeded at each temperature, kept there for 6 min and cooled with liquid nitrogen (LN2) gas (LN2 gas) for 10 min or more. Some samples were further cooled in LN2 (LN2). The sample was warmed in water at 35 C, and the viability of the sperm was assessed based on motility. Motility was normalized to that of fresh sperm at 25 C. Values are given as means ± SD. Bars with different superscripts differ significantly (P<0.01).
Fig. 3.
The effect of ice-seeding temperature on the viability of frozenthawed mouse sperm. The viability of the sperm was assessed based on motility (closed), plasma membrane integrity (open) and acrosome integrity (hatched). Sperm were suspended in an 18% raffinose solution, loaded in a straw, immersed in ice water for 10-60 min (I), cooled to -5 C (A) or -15 C (B) at -1 C/min (II), ice-seeded (III), except for C-III, and cooled with liquid nitrogen (LN2) gas for 10 min or more (IV). In one experiment, sperm suspension was seeded at -5 C, cooled at -1 C/min to -15 C (C-III) and then cooled with LN2 gas (C-IV). At each step of the cryopreservation process, the sample was warmed in water at 35 C. The viability of the sperm was assessed using the three criteria and was normalized to the viability of fresh sperm at 25 C. Values are given as means ± SD. Bars with different superscripts differ significantly within each assessment criterion within all figures (A-C) (P<0.01).
When the sperm suspension was cooled to -15 C without seeding (Fig. 3B-II) , the proportion of motile sperm and proportion of sperm with an intact plasma membrane decreased considerably, although the acrosome integrity was maintained. After seeding at -15 C (Fig. 3B-III) , the viability of sperm decreased in all aspects. When seeded samples were cooled with LN2 gas (Fig. 3B-IV) , the viability of the sperm did not decrease further.
In one experiment, the sperm suspension was seeded at -5 C, cooled slowly to -15 C and then cooled with LN2 gas (Fig. 3C) . The viability of the sperm at -15 ( Fig. 3C-III ) and after cooling with LN2 gas (Fig. 3C-IV) , as assessed based on motility and the acrosome integrity, was greater than that of the sperm seeded at -15 C (Fig. 3B-III, IV) , but not those seeded at -5 C (Fig. 3A-III, IV) . The integrity of the acrosome (Fig. 3C-III, IV) was virtually the same as that of sperm seeded at -5 C (Fig. 3A-III, IV) .
Discussion
In the present study, we attempted to estimate the type and extent of injury that mouse sperm would suffer at various steps of the cryopreservation process. Kasai et al. (2002) [7] listed six types of cryoinjury for mouse embryos. Another possible type is chilling injury [18, 19] . In this study, we considered chilling, hypertonic stress, and intracellular ice as major causes of cryoinjury in mouse sperm during cryopreservation, but excluded the toxicity of the cryoprotectant, hypotonic stress and extracellular ice formation. However, Koshimoto et al. (2000) [23] suggested that mouse sperm might be injured by extracellular ice during cryopreservation. Further studies are necessary to clarify its effect.
In the first series of experiments ( Fig. 1 ), sperm were cooled slowly to various temperatures and warmed immediately to examine whether mouse sperm can be injured by chilling at subzero temperatures. We clarified that mouse sperm are sensitive to chilling at -15 C, but apparent injury was not observed at higher temperatures (-5 or -10 C). On the other hand, Songsasen and Leibo (1997) [14] reported that the plasma membrane of mouse sperm (BDF1) suspended in PBS containing BSA was damaged after cooling at -5 C for 30 min. As a preliminary experiment, therefore, we cooled mouse sperm (ICR) in an 18% raffinose solution at -5 C for 30 min, but motility and the integrity of the plasma membrane were not affected (data not shown). The reason for this discrepancy is unknown, although the strain of mouse and the solution for the sperm suspension were different.
As shown in Fig. 1 , the motility and the plasma membrane of sperm were affected greatly by chilling at -15 C, and when sperm were chilled at -15 C for longer, their motility decreased markedly again but the integrities of the plasma membrane and acrosome were unaffected. This suggests that an unknown compartment(s), other than the plasma membrane or acrosome, is highly sensitive to chilling.
To examine the effect of a lower temperature, we attempted to chill mouse sperm at -20 C (data not shown). However, the sperm suspension crystallized spontaneously at -20 C. In this case, the motility and integrities of the plasma membrane and acrosome at each step of the cryopreservation process were affected slightly compared with chilling at -15 C. This is probably because extracellular ice formed at a temperature slightly lower than -15 C and the level of supercooling was probably slightly higher than that of the sample cooled at -15 C. These conditions would increase the effects of hypertonic stress, intracellular ice formation and probably chilling if the injury is temperature-dependent.
In the second series of experiments (Fig. 2) , it was shown that the viability of sperm, assessed based on motility, did not decrease when the sample was transferred from LN2 gas to LN2. The temperature of the sperm suspension cooled in LN2 gas for 10 min or more would be close to the temperature on the Styrofoam boat (approximately -150 C), which is below the glass transition temperature of the cytoplasm (approximately -130 C). Therefore, the cytoplasm of the sperm would be vitrified in LN2 gas. This explains why the viability of sperm did not decrease further with cooling in LN2 (-196 C). Furthermore, it has been reported that cooling mouse sperm from -70 C to LN2 does not decrease motility [24] . In the final series of experiments, sperm samples were finally cooled in LN2 gas and not in LN2. The results of the second series of experiments also show -5 C to be a more suitable temperature for ice-seeding than -15 C.
In the final series of experiments, we tried to estimate the type and extent of injury in frozen-thawed mouse sperm after seeding at -5 or -15 C. As described in the introduction, the possible causes of damage to frozen mouse sperm include hypertonic stress and intracellular ice. In addition, mouse sperm can be injured by chilling, as shown in the first series of experiments (Fig. 1) . For estimating damage, therefore, we presumed that the viability of frozen mouse sperm decreased due to three types of cryoinjury caused by chilling, hypertonic stress and intracellular ice. We tried to estimate the extent of the injury based on motility because the results shown in Figs. 1 and 3 clearly show motility to be the most reliable of the three criteria.
From the data shown in Fig. 3A -III, we estimated that the motility of sperm decreased by 25 points (by 32% compared with that before seeding) on seeding at -5 C. This decrease would have been caused by hypertonic stress because the sperm would not have been injured by chilling at -5 C (Fig. 1) and intracellular ice would not have formed at this temperature. The plasma membrane was also injured, but the integrity of the acrosome was only slightly affected. These results were quite similar to those for mouse sperm exposed to hypertonic solutions [11] .
When the sample seeded at -5 C was cooled in LN2 gas (Fig.  3A-IV) , the motility decreased by 17 points (by 33% compared with that after seeding). This decrease would be mainly due to formation of intracellular ice because the sperm would not have been dehydrated enough at -5 C even after seeding. We assumed that intracellular ice would form in various compartments, including the acrosome. This assumption is consistent with the observation that not only the motility but also the proportion of sperm with an intact acrosome decreased (by 16 points).
When the sperm suspension was cooled to -15 C (Fig. 3B-II) , the motility decreased by 51 points (by 61% compared with that at 0 C); this must have been caused by the chilling itself because hypertonic stress and intracellular ice would not have arisen without extracellular ice. This decrease in motility shows that the impact of chilling is large. After seeding at -15C (Fig. 3B-III) , the motility of sperm decreased by 25 points (by 75% compared with that before seeding). One factor responsible for the decrease is probably hypertonic stress, which would be promoted by formation of extracellular ice. The other factor is probably formation of intracellular ice because seeding a highly supercooled solution would promote intracellular freezing. Under these conditions, the integrity of the acrosome was probably affected (Fig. 3B-III) , which is consistent with our assumption that intracellular ice collapses many compartments including the acrosome. To analyze the type and extent of injury in sperm seeded at -15 C (Fig. 3B-III) , the sperm suspension was seeded at -5 C and then cooled slowly to -15C (Fig. 3C-III) so that intracellular ice was less likely to form. This aim was probably realized because the proportion of sperm with an intact acrosome did not decrease on cooling from -5 C to -15 C; this is based on the assumption that intracellular ice collapses the acrosome. Assuming that intracellular ice was not formed under these conditions, it is estimated that the motility of sperm decreased after seeding at -15 C (Fig. 3B-III) by 18 points as a result of formation of intracellular ice (by 55% compared with that before seeding) and by 7 points as a result of hypertonic stress (by 21%). On the other hand, the motility did not decrease further on cooling with LN2 gas from -15 C (Fig. 3B-IV) , probably because sperm that survived the hypertonic stress and chilling at -15 C would have been dehydrated enough to prevent intracellular ice from forming in LN2 gas.
Considering the results of the present study, it would be preferable to seed the sperm suspension at a higher temperature to prevent formation of intracellular ice during cooling. After seeding, it would be preferable to cool the sample rapidly enough to minimize chilling injury and hypertonic stress but not too rapidly to allow intracellular ice to form. The present analysis of the type and extent of injury to mouse sperm at various steps of the cryopreservation process should help to improve the protocol for cryopreserving mouse sperm.
